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Prion diseases can be infectious, sporadic, or inherited ([@ref1]). Regardless of their origin, they are related to modifications of a ubiquitous membrane-anchored protein, the prion protein (PrP).[3](#fn4){ref-type="fn"} Through a poorly understood process, the cellular PrP isoform (PrP^C^), an α-helix-rich protein, undergoes a profound conformational change, acquiring higher β-sheet content; the latter isoform is known as PrP^Sc^ (*Sc* from *scrapie*) and is the only known component of the infectious prion particle ([@ref1]--[@ref4]).

The protein-only hypothesis postulates that PrP^Sc^ "multiplies" by catalyzing the conversion of PrP^C^ into a likeness of itself, thus becoming responsible for its own propagation ([@ref5]). This hypothesis is based strongly on the fact that PrP knock-out mice are resistant to prion infection, suggesting that endogenous PrP is necessary for prion propagation and infection ([@ref6]). It was also suggested, however, that an additional unknown factor could influence the PrP^C^ to PrP^Sc^ conversion ([@ref7]--[@ref10]). This molecule would act by lowering the free energy barrier between PrP^C^ and PrP^Sc^ and triggering conversion ([@ref11], [@ref12]). In this field, a great number of biological macromolecules have emerged as candidates for conversion catalysts. Cellular adhesion molecules, nucleic acids (NAs), basal membrane molecules, and sulfated glycans, among other biological macromolecules, have been reported to interact with PrP^C^ and to induce its conversion into a β-sheet-rich structure similar to the infectious prion protein ([@ref8], [@ref10], [@ref13], [@ref14]).

Our previous findings have demonstrated that PrP interacts with nucleic acids *in vitro*, binding small sequences of double-stranded DNA, acquiring β-sheet secondary structure as revealed by spectroscopic measurements and presenting some PrP^Sc^-like characteristics ([@ref8], [@ref15]). It has also been shown that PrP interaction with nucleic acids can lead to partial unfolding of prion protein, triggering formation of an amyloid-like structure resistant to proteinase K digestion ([@ref8], [@ref16]--[@ref18]), depending on the PrP-NA molar ratio.

The interaction of prion protein with ribonucleic acid has also been reported. PrP^C^ interacts with mammalian RNA preparations, acquiring resistance to protease digestion *in vitro* ([@ref17], [@ref19], [@ref20]). Highly structured RNAs can also convert human PrP^C^ into PrP^Sc^-like forms ([@ref21]), and some RNA aptamers bind with high specificity to the disease-associated PrP conformation ([@ref22], [@ref23]). It has also been reported that the N terminus of the protein is important for the interaction with nucleic acids, because mutants lacking different portions of this region presented lower or no affinity for some RNA aptamers ([@ref24], [@ref25]), and DNA binding was obtained for a rPrP(23--144) construction ([@ref26]).

All of these findings suggest that nucleic acids play a role in prion diseases. Based on these results, we have proposed a complement for the "protein-only" hypothesis in which nucleic acids can act by serving as catalysts and/or molecular chaperones in the conversion, not by encoding genetic information ([@ref8], [@ref10], [@ref13]). More recently, Prusiner and co-workers ([@ref27]) found that the binding of single-stranded DNA thioaptamers to PrP occurs on at least two different sites on the protein. Selection against recombinant Syrian hamster PrP 90--231 (recSHaPrP) identified a 12-base consensus sequence within a series of 20 thioaptamers, all of which consist of 40 bases, and one thioaptamer bound to recSHaPrP with extremely high affinity (0.58 n[m]{.smallcaps}) ([@ref27]). The potential therapeutic use of these molecules against prion diseases reinforces the importance of understanding the interaction of PrP protein with different nucleic acids at the molecular level.

Besides the prion structural puzzle and the mystery involving the mechanisms of conversion from PrP^C^ into PrP^Sc^, many questions remain unanswered regarding the toxicity of prion aggregates. In addition to amyloid fibers and unstructured deposits of misfolded protein found in infected brains, smaller oligomers have been reported to be the toxic species for several amyloidogenic diseases, including transthyretin amyloidoses, Alzheimer, and Parkinson diseases ([@ref28]--[@ref30]). A series of PrP aggregates, oligomers, and fibers generated *in vitro* have been tested for toxicity in cultured cells and hamsters. In both cases, the aggregates were toxic, leading to cell death in culture and to neurodegeneration and spongiosis in hamster brains ([@ref31], [@ref32]). Moreover, it cannot be completely excluded that a small oligonucleotide may be present in PrP aggregates and account for prion cytotoxicity, as previously proposed ([@ref33]).

Here we report experimental data on the interaction between murine recombinant prion protein (rPrP23--231) and RNA. We used total RNA extracted from cultured cells and small synthetic oligonucleotides, focusing on PrP secondary and tertiary structure changes. We have also investigated the role of the N-terminal PrP region in RNA binding using two mutants lacking N-terminal domains and evaluating the toxicity of the PrP-RNA complex in cultured mouse neuroblastoma cells (N2a). The recombinant prion protein (rPrP) deletion mutants investigated were rPrPΔ51--90 and rPrPΔ32--121, the former lacking residues 51--90, which is the copper-binding region, and the latter lacking residues 32--121, the majority of the PrP N terminus ([@ref34]). We show that RNA extracted from N2a cells (N2aRNA) induces a loss of α-helical secondary structure and triggers aggregation of rPrP23--231 but has no effect on the rPrP-lacking portions of the N-terminal region. Nuclear magnetic resonance experiments reveal, however, that full-length rPrP partially recovers its native fold 3 days after RNA addition, but the changes observed in heteronuclear single quantum coherence (HSQC) spectrum suggest that RNA binding induces changes in PrP structure. We also find that aggregates generated from PrP-N2aRNA interaction are toxic to cultured N2a cells, which suggests that RNA molecules are potential candidates for catalyzing the PrP^C^ to PrP^Sc^ conversion *in vivo*.

EXPERIMENTAL PROCEDURES
=======================

*Construction, Expression, and Purification of Recombinant Prion Proteins*---Construction of rPrP N-terminal deletion mutants rPrPΔ51--90 and rPrPΔ32--121, heterologous expression in *Escherichia coli*, and further purification of the constructs and full-length rPrP by high affinity column refolding followed previously described protocols ([@ref8], [@ref34], [@ref35]).

*rPrP23--231, rPrP*Δ*31--121, and rPrP*Δ*51--90 Labeling with Fluorescein Isothiocyanate*---All of the rPrPs were labeled with amino-reactive fluorescein isothiocyanate (FITC) for fluorescence anisotropy assays. For the labeling reaction, rPrPs were dissolved in 0.1 [m]{.smallcaps} sodium bicarbonate buffer at pH 8.0 to a final concentration of 5--10 mg/ml and incubated with FITC (final concentration, 0.5--1.0 mg/ml) for 1 h at room temperature. After incubation, the FITC-rPrP23--231 conjugate (FITC-rPrP) was separated from the free dye by gel filtration using a PD-10 desalting column (Amersham Biosciences) equilibrated with Tris buffer (50 m[m]{.smallcaps}, pH 7.4) containing 100 m[m]{.smallcaps} NaCl. After elution, concentration of the labeled protein and the efficiency of labeling were determined based on molar extinction coefficients of rPrP23--231 (63,495 cm^-1^ [m]{.smallcaps}^-1^ at 280 nm), rPrPΔ32--121 (33,015 cm^-1^ [m]{.smallcaps}^-1^ at 280 nm), rPrPΔ51--90 (41,495 cm^-1^ [m]{.smallcaps}^-1^ at 280 nm), and FITC (68,000 cm^-1^ [m]{.smallcaps}^-1^ at 494 nm). FITC-rPrPs were stored at -20 °C and protected from light.

*Ribonucleic Acid Samples*---Total RNA from cultured neuroblastoma (N2a) cells (N2aRNA) ([@ref36]) was extracted using the RNeasy Midikit (Qiagen) and the RNAspin Mini isolation kit (GE Healthcare, Milwaukee, WI). Other cell lineages used in this work are listed in the supplemental data. High pressure liquid chromatography-purified synthetic single-stranded RNA fragment 43--59 of SAF93 aptamer (SAF93^43--59^) ([@ref22]) and opRNA, a random 18-mer sequence, derived from a translational operator of MS2 bacteriophage ([@ref37]) were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). Nucleotide sequences were: SAF93^43--59^, 5′-GGA UGC AAU CUC CAU CCC-3′; and opRNA, 5′-AAA CAU GGG UUC CCA UGU-3′. Synthetic RNA samples were maintained lyophilized at -20 °C and used in RNase-free water.

*Reagents and Protein Samples*---All of the reagents used were of analytical grade. Protein concentration was 1.0 μ[m]{.smallcaps} (0.023 mg/ml for rPrP23--231, 0.018 mg/ml for rPrPΔ51--90, and 0.014 mg/ml for rPrPΔ32--121) for light scattering (LS) and fluorescence measurements, 30 μ[m]{.smallcaps} (0.69 mg/ml for rPrP23--231, 0.57 mg/ml for rPrPΔ51--90, and 0.42 mg/ml for rPrPΔ32--121) for CD assays, and 50 n[m]{.smallcaps} (1.15 μg/ml for rPrP23--231, 0.9 μg/ml for rPrPΔ51--90, and 0.7 μg/ml for rPrPΔ32--121) for fluorescence anisotropy assays. All of the experiments were performed in 50 m[m]{.smallcaps} Tris buffer containing 100 m[m]{.smallcaps} NaCl, pH 7.4. All of the figures presented in this work are representative of at least three experiments.

*Spectroscopic Measurements*---LS, fluorescence anisotropy, and fluorescence emission were recorded on an ISSPC1 fluorometer (ISS, Champaign, IL). LS at 90 ° was measured illuminating the samples at 320 nm and collecting LS from 300 to 340 nm. Tryptophan fluorescence of rPrP23--231, rPrPΔ51--90, and rPrPΔ32--121 was measured by exciting the samples at 280 nm and collecting the emission from 300 to 420 nm. For anisotropy measurements, the samples were excited at 490 nm, and the emission was observed through a 3--69 filter.

*Far-UV Circular Dichroism*---CD spectra were recorded in a Jasco J-715 spectropolarimeter (Jasco Corporation, Tokyo, Japan) at 25 °C with circular 0.10-mm-pathlength cells. Buffer spectra were subtracted from each sample spectrum, and traces were collected with four accumulations each.

*NMR Spectroscopy*---NMR spectra were collected at 298 K with a Bruker Avance 800-MHz spectrometer equipped with gradient triple resonance probes. The spectra were processed using TOPSPIN 2.1 (Bruker) and analyzed with CARA 1.8 ([@ref38]). Two-dimensional \[^15^N,^1^H\]HSQCs were collected with 2048 × 200 points and 8--64 scans for the different samples. One-dimensional ^1^H-NMR spectra were collected with 2048 points and 128 scans for all samples. For HSQC measurements, we used 0.2 m[m]{.smallcaps} uniformly labeled \[^15^N\]rPrP23--231 in 20 m[m]{.smallcaps} sodium phosphate buffer, pH 7.4, 100 m[m]{.smallcaps} NaCl, and a 10% D~2~O, 90% H~2~O mixture in the presence (at 1:1 molar ratio) or absence of SAF93^43--59^.

*Transmission Electron Microscopy*---Samples were adhered to a carbon-coated grid, blotted to remove excess material, and stained for 10 s with a 2% solution of uranyl acetate prepared in water. The images were digitally collected with a Zeiss EM 900 electron microscope (Carl Zeiss Inc.).

*Neuroblastoma Cell (N2a) Culture and Cell Viability Assays*---N2a cells were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum and 2% antibiotic (penicillin, erythromycin, and gentamicin) in a 5% CO~2~ atmosphere for 3 days and then transferred to a 96-well plate (∼ 5,000 cells/well). After transfer, the cells were exposed to samples containing rPrP23--231, N2aRNA, or rPrP-RNA complex for 3 days. An MTT assay was performed following the previously described protocol ([@ref30]). MTT enters the cells by endocytosis and is reduced to formazan by NADH reductase and other enzymes in a reaction that can be measured spectro-photometrically. The amount of formazan reflects the reductive potential of the cytoplasm and the cell viability and generally shows good correlation with other viability tests ([@ref30], [@ref39], [@ref40]). Live/dead assays were performed following the protocol provided by the kit (live/dead viability/cytotoxicity kit for mammalian cells; Invitrogen). Live cells were distinguished by the presence of ubiquitous intracellular esterase activity, which was determined by the enzymatic conversion of the virtually non-fluorescent cell-permeant calcein AM to the intensely fluorescent calcein. The polyanionic dye calcein is well retained within live cells, producing an intense uniform green fluorescence in live cells (ex/em =∼495 nm/∼515 nm). EthD-1 enters cells with damaged membranes and undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids, thereby producing a bright red fluorescence in dead cells (ex/em = ∼495 nm/∼635 nm). EthD-1 is excluded by the intact plasma membrane of live cells. All of the assays were done in triplicate. Live/dead images were generated in the Observer.Z1 Microscope (SN: 3834000373; Carl Zeiss Inc.).

*Western Blotting*---All of the protease-digested (+PK) samples were incubated with 20 μg/ml proteinase K (Sigma-Aldrich) for 1 h at 37 °C. SDS-PAGE was performed on 1.5-mm 15% polyacrylamide gels. The blocked membrane was incubated overnight at 4 °C with anti-PrP monoclonal antibody (SAF84; Cayman Chemical, MI) diluted 1:500. Following this incubation, the membrane was washed and incubated for 1 h at room temperature with secondary antibody, IgG-horseradish peroxidase-conjugated goat anti mouse (SC-2005; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:200. The blot was stained with diaminobenzidine tetrahydrochloride and revealed with hydrogen peroxide (both from Sigma-Aldrich).

RESULTS
=======

We first investigated the effects of RNA on the full-length recombinant PrP (rPrP23--231) *in vitro*. It has been shown that PrP^C^ present in hamster brain homogenates interacts with RNA *in vitro*, acquiring protease resistance, and that RNase treatment can inhibit this conversion without changing the PrP^C^ content ([@ref17]). Questions remain unanswered, however, regarding the size and structure of the RNA that are necessary for interaction with PrP^C^ and for catalysis of this conversion. In light of these results, we investigated the interaction of prokaryotic and eukaryotic RNA extracts and of two synthetic RNAs (SAF93^43--59^ and 18-mer opRNA) ([Fig. 1](#fig1){ref-type="fig"} and supplemental Table S1) with rPrP23--231 and with two N-terminal rPrP deletion mutants (rPrPΔ51--90 and rPrPΔ32--121). The SAF93^43--59^ sequence was chosen based on previous work ([@ref22]) that described the isolation of 2′-fluoropyrimidine-substituted RNA aptamers that bind selectively to disease-associated, β-sheet-rich isoforms of PrP. The SAF93 sequence was identified by Sayer *et al.* ([@ref23]) as a high affinity PrP ligand; therefore, we selected the main binding domain (nucleotides 43--59) to perform our studies. The opRNA random sequence was selected because it has been suggested that PrP-nucleic acid interaction is guided by NA structure and not by its specific nucleotide sequence ([@ref22], [@ref23]). The local secondary structures of the synthetic RNAs used in this work were predicted with the program GeneBee, which indicated that both sequences adopt a hairpin-like structure (not shown). Thus we report the PrP binding behavior of two different base sequences with similar secondary structures.

*RNA Incubation with rPrP23--231 Leads to Protein Aggregation*---We verified that incubation of the RNA extracts with recombinant PrP led to an increase in light scattering values for full-length rPrP, indicating that the protein aggregates upon RNA addition ([Table 1](#tbl1){ref-type="table"} and supplemental Table S1). This result was obtained for incubation with both prokaryotic (from *E. coli*) and eukaryotic (from mammals, N2aRNA and vRNA; from mosquito cells, C6RNA; and from yeast, ScRNA) RNA extracts (supplemental Table S1). Interestingly, incubation of the rPrPΔ51--90 N-terminal deletion mutant with all of the RNAs investigated did not alter the LS values, revealing an important role for the PrP N-terminal region in the RNA interaction. We further selected the neuroblastoma cell-derived RNA (N2aRNA) to continue our studies because this RNA originates from the same tissue as our prion protein constructs (from mouse) (Figs. [1*C*](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}).

TABLE 1**Summary of N2aRNA effects on rPrP23--231 and rPrPΔ51--90Spectroscopic measurementsrPrP23--231RNA digestion by RNase ArPrPΔ51--90--RNA+RNABefore rPrP incubation with RNAAfter rPrP incubation with RNA--RNA+RNA**ε 222 nm[*^a^*](#tblfn1){ref-type="table-fn"}--12.32--1.23------6.85--6.63*LS/LS*~0~[*^b^*](#tblfn2){ref-type="table-fn"}121.182.095.9610.86*FI/FI*~0~[*^b^*](#tblfn2){ref-type="table-fn"}11.031.000.8210.88ΔCM (cm^--1^)[*^c^*](#tblfn3){ref-type="table-fn"}0227--359006[^2][^3][^4]

FIGURE 1.**RNA binding to rPrP and its effects on rPrP secondary structure.** *A*, opRNA was titrated into 50 n[m]{.smallcaps} FITC-labeled rPrP23--231 (*black*), rPrPΔ51--90 (*dark gray*), or rPrPΔ32--121 (*light gray*). Anisotropy values were collected through a 3--69 filter (excitation was set at 490 nm). *B*, CD spectra of free rPrP23--231 (*solid black line*) and in the presence of opRNA (*solid blue line*) or SAF93^43--59^ (*solid red line*) and free rPrPΔ51--90 (*dashed black line*) and in the presence of opRNA (*dark green line*) or SAF93^43--59^ (*dark gray line*). The *inset* represents the CD spectra of opRNA (*dashed black line*) and SAF93^43--59^ (*dotted black line*) free in solution. *C*, CD spectra of free rPrP23--231 (*solid black line*) and in the presence of N2aRNA at 0.69 mg/ml (*dashed black line*); free rPrPΔ51--90 at 0.57 mg/ml (*solid red line*); rPrPΔ51--90 in the presence of N2aRNA at 0.57 mg/ml (*dashed red line*); rPrPΔ32--121 at 0.42 mg/ml (*solid blue line*) and rPrPΔ32--121 in the presence of N2aRNA at 0.42 mg/ml (*dashed blue line*). The *inset* represents the CD spectrum of free N2aRNA at 0.69 mg/ml. For *B* and *C*, protein and synthetic RNAs concentrations were 30 μ[m]{.smallcaps}.

*The rPrP N-terminal Region Is Necessary for RNA-induced Aggregation*---We monitored the interaction of FITC-labeled rPrP23--231, rPrPΔ51--90, and rPrPΔ32--121 with opRNA by fluorescence anisotropy to further investigate the role of the N-terminal region in RNA binding to rPrP. Increasing concentrations of opRNA led to an increase in the anisotropy values only for RNA titration in rPrP23--231 solution, confirming the high affinity interaction between full-length PrP and RNA ([Fig. 1*A*](#fig1){ref-type="fig"}, *black symbols*). Binding of rPrP23--231 to N2aRNA was also observed, with a half-maximal effect at 5.95 μg/ml ([Fig. 2](#fig2){ref-type="fig"}). Consistent with measurements taken when rPrPΔ51--90 is incubated with different RNA extracts (supplemental Table S1), anisotropy data confirm the absence of interaction between the N-terminal deletion rPrP mutants and RNA in the investigated concentration range ([Fig. 1*A*](#fig1){ref-type="fig"}, *gray symbols*).

*PrP-RNA Interaction Leads to Secondary and Tertiary Structural Changes Only for rPrP23--231*---The changes in secondary structure of the prion protein constructs upon interaction with the different RNAs were analyzed by CD. To determine whether free RNA interferes with the CD spectra, far-UV CD spectra were collected for all RNA samples used. They all showed one negative peak (∼208 nm) and one positive peak (∼265 nm) ([Fig. 1, *B* and *C*](#fig1){ref-type="fig"}, *insets*). These results show a significant secondary structure signal from the nucleic acids that were investigated. Because the RNA structure may change upon rPrP binding, the RNA spectra were not subtracted from the spectra of the complex (PrP-RNA). Instead, the spectrum of the PrP-RNA complex is displayed together with the sum of each RNA spectrum and that of rPrP alone (supplemental Fig. S1). In this way, it is possible to infer whether the changes seen are due to modifications in the secondary structure of PrP or due only to the addition of the free RNA and rPrP spectra.

The addition of synthetic RNA oligonucleotides SAF93^43--59^ and opRNA ([Fig. 1*B*](#fig1){ref-type="fig"}) and of N2aRNA ([Fig. 1*C*](#fig1){ref-type="fig"}) led to immediate loss of secondary structure in rPrP23--231. Interestingly, changes in secondary structure caused by the synthetic RNA sequences were different from the effects observed for N2aRNA. Both SAF93^43--59^ and opRNA induced an increase in LS (supplemental Table S1), but this increase was much less marked than the one induced by N2aRNA ([Table 1](#tbl1){ref-type="table"} and supplemental Table S1). This result indicates that, for the synthetic RNA sequences, an oligomeric species of limited size is populated. Unlike N2aRNA, in the presence of SAF93^43--59^ and opRNA, rPrP23--231 fluorescence emission intensity was reduced and shifts of the spectra (increase in center of spectral mass values) to more energetic wavelengths were also observed (supplemental Table S1). Because the N2aRNA is a pool of several RNAs with distinct sequences, sizes, and structures, differences between synthetic RNAs and the RNA pool are to be expected.

FIGURE 2.**N2aRNA binds rPrP23--231 with high affinity.** N2aRNA was titrated into a 1.15 μg/ml (50 n[m]{.smallcaps}) FITC-rPrP23--231 solution, and the anisotropy values were collected through a 3--69 filter (excitation was set at 490 nm).

We observed that N2aRNA addition led to visible protein aggregation and that the CD spectrum of the complex showed immediate loss of α-helical content (at 222 nm) in the presence of N2aRNA ([Fig. 1*C*](#fig1){ref-type="fig"} and supplemental Fig. S1). This process is irreversible, because no significant gain in the secondary structure content was observed even after 7 days of incubation (not shown).

The aggregation of rPrP23--231 was confirmed by the increase in LS upon RNA addition ([Table 1](#tbl1){ref-type="table"} and supplemental Table S1). The fluorescence emission spectrum was displaced toward more energetic wavelengths, as seen from the increase in CM values after N2aRNA incubation with rPrP23--231 ([Table 1](#tbl1){ref-type="table"} and supplemental Table S1) but not when this RNA extract was incubated with rPrPΔ51--90 ([Table 1](#tbl1){ref-type="table"}). This result indicates protection of the tryptophan residues, which are mainly exposed to the solvent when rPrP23--231 is free in solution ([@ref35]). Total fluorescence intensity did not change significantly in the presence of N2aRNA ([Table 1](#tbl1){ref-type="table"} and supplemental Table S1).

There were no changes in secondary structure (α-helical content) in either of the rPrP N-terminal deletion mutants after incubation with opRNA, SAF93^43--59^, or N2aRNA, as shown in [Fig. 1 (*B* and *C*)](#fig1){ref-type="fig"} and supplemental Fig. S1 for rPrPΔ51--90 (not shown for rPrPΔ32--121). Furthermore, neither LS nor fluorescence emission changed significantly in either case upon RNA addition, indicating no changes in tertiary structure ([Table 1](#tbl1){ref-type="table"}, last column, and supplemental Table S1 for rPrPΔ51--90). These data agree with prior observations that suggest the importance of the N-terminal region to PrP-NA interactions ([@ref24], [@ref25], [@ref41], [@ref42]).

FIGURE 3.**rPrP23--231-N2aRNA resistance to PK digestion.** Western blotting for PrP C-terminal domain. The samples were treated with PK at 37 °C for 1 h (ratio PrP:PK = 100:1), except where indicated (-). *Lanes 1* and *2*, rPrP23--231 at 5 μ[m]{.smallcaps}; *Lanes 3* and *4*, rPrP23--231 at 5 μ[m]{.smallcaps} + N2aRNA at 0.057 mg/ml. Molecular mass markers (*MW*) are shown on the *left*.

*Treatment of rPrP23--231-N2aRNA Complex with Proteinase K*---PrP^C^ and PrP^Sc^ differ substantially in their conformations. Unlike PrP^C^, PrP^Sc^ is a multimeric assembly characterized by an increase in the amount of β-sheet structure and enhanced resistance to proteinase K (PK) digestion ([@ref3], [@ref4]). After observing rPrP23--231 changes in secondary structure and aggregation upon N2aRNA binding, we treated the aggregates with PK for 1 h at 37 °C (ratio PrP:PK = 100:1). The Western blotting shown in [Fig. 3](#fig3){ref-type="fig"} revealed that PK treatment completely digested free rPrP23--231, but the rPrP23--231-N2aRNA complex was partially resistant to digestion. The same result was observed when PK resistance of the rPrP23--121-N2aRNA complex was monitored by SDS-PAGE and stained with silver (supplemental Fig. S2). Larger aggregates are also formed upon incubation with N2aRNA and present high resistance to PK digestion (supplemental Fig. S2*B, asterisk*). Treatment of other rPrP23--231-RNA complexes formed by other RNA extracts and synthetic sequences SAF93^43--59^ and opRNA, however, resulted in total digestion by PK (not shown). We performed the same assay for rPrPΔ51--90 and verified that this rPrP construction does not acquire protease resistance upon incubation with N2aRNA (supplemental Fig. S3), further indicating that the N-terminal mutants do not interact with the RNAs investigated here.

FIGURE 4.**Characterization of rPrP23--231 and SAF93^43--59^ interaction by NMR spectroscopy.** Superposition of the two-dimensional \[^15^N,^1^H\]HSQC spectra of rPrP(23--231) (*black contours*) and rPrP23--231 72 h after the addition of SAF93^43--59^ (*red contours*). The *inset* presents a region of one-dimensional ^1^H-NMR spectra of rPrP23--231 (*black line*), rPrP23--231 immediately after SAF93^43--59^ addition (*blue line*), and 72 h after RNA addition (*red line*).

*Treatment of N2aRNA with RNase Blocks the PrP-RNA Interaction Effects*---Prior treatment of N2aRNA with RNase A abolished the effect of the nucleic acid on rPrP23--231 aggregation, as shown in [Table 1](#tbl1){ref-type="table"}. LS and fluorescence emission also returned to values close to that of the soluble, nonaggregated rPrP23--231. This indicates that the effects seen are specific for RNA interaction and not caused by interaction with free ribonucleotides in solution. In contrast, treatment with RNase A after RNA incubation with rPrP23--231 did not completely reverse aggregation and tertiary structure changes ([Table 1](#tbl1){ref-type="table"}), suggesting either that the rPrP aggregate formed can no longer be solubilized after RNA removal or that the RNA bound to PrP is protected from cleavage. To confirm the latter assumption we applied RNase-treated rPrP23--231-N2aRNA samples on agarose gel in the presence of ethidium bromide (supplemental Fig. S4). It is possible to visualize that larger aggregates are formed, and even after RNase treatment there is still RNA associated to the protein (supplemental Fig. S4, *lane 4*).

*NMR Spectroscopy of PrP(23--231) and the Effect of RNA Addition*---In [Fig. 4](#fig4){ref-type="fig"}, we present the NMR data obtained for rPrP23--231 in the presence or absence of RNA (SAF93^43--59^). We selected this RNA sequence because it is homogeneous and can be synthesized in sufficient quantities to perform the NMR measurements. The N2aRNA does not fulfill these characteristics. A small region of one-dimensional ^1^H NMR spectra taken for free rPrP23--231, rPrP23--231 immediately after RNA addition, and 3 days after RNA addition is shown in the *inset* of [Fig. 4](#fig4){ref-type="fig"}. These spectra were recorded and processed with the same spectral parameters so that the methyl signal shown could serve as a relative indication of soluble protein concentration.

According to the protein sequence, 288 HN cross-peaks are expected in the two dimensional \[^15^N,^1^H\]HSQC for rPrP23--231. We found 225 HN cross-peaks in the \[^15^N,^1^H\]HSQC of the sample prior to RNA supplementation. Immediately after RNA addition, there were no signals above the noise because of protein precipitation. It is worth mentioning that the precipitation can be visually detected during the addition of RNA. After a few days, the precipitation is no longer visible, and 3 days after RNA addition the sample presents 211 HN cross-peaks. As we noticed from the one-dimensional spectra, the amount of signal of this sample accounts for 8% of the signal of the initial sample without RNA. The spectra of PrP23--231 and PrP23--231 plus RNA are similar in regard to the chemical shift of several cross-peaks, indicating that both samples present the same three-dimensional structure. There are, however, many evident chemical shift differences between the spectra of these samples, in particular within the range of 7.8--8.6 ppm of ^1^H chemical shift. Furthermore, the area within 7.6--8.4 ppm of ^1^H and 124--129 ppm of ^15^N chemical shift has many additional cross-peaks. This ^1^H spectral range is populated by many amide cross-peaks of unfolded polypeptide backbone.

Taken together, these NMR data indicate that immediately after the addition of RNA, rPrP23--231 undergoes severe aggregation, which turns slowly into a soluble form of rPrP23--231. This is a new form of rPrP, which closely resembles the globular region of the free protein but with some modification in the unfolded N-terminal region of rPrP23--231. It is worth mentioning that the N terminus (residues 23 to ∼120) accounts for most of the PrP flexibly disordered behavior, whereas the C terminus (residues 121--231) encompasses a globular fold ([@ref35]).

*Ultrastructural Analysis of rPrP-RNA Complexes*---To characterize possible morphological differences between the aggregates obtained after incubation with the RNA extract, N2aRNA, and with the small oligonucleotide sequence, SAF93^43--59^, we collected transmission electron microscopy images of the samples. Recombinant PrP23--231 was incubated with the aforementioned RNAs, and the transmission electron microscopy grids were prepared immediately. [Fig. 5](#fig5){ref-type="fig"} displays both complexes, and we observed that rPrP forms amorphous aggregates upon incubation with RNA that are not present in soluble, RNA-free rPrP samples. Both aggregates appear very similar, but the one generated by the SAF sequence seems to adopt a more organized structure. These slight differences may account for the different structural changes elicited by the RNAs investigated.

FIGURE 5.**Electron microscopy of rPrP23--231 and rPrPΔ51--90 in the presence of RNA.** *A*, rPrP23--231 at 2 μ[m]{.smallcaps} (46 μg/ml). *B*, N2aRNA at 23 μg/ml. *C*, SAF93^43--59^ 2 μ[m]{.smallcaps}. *D*, rPrP23--231 at 2 μ[m]{.smallcaps} (46 μg/ml) in the presence of N2aRNA at 23 μg/ml. *E*, rPrP23--231 at 2 μ[m]{.smallcaps} in the presence of SAF93^43--59^ at 2 μ[m]{.smallcaps}. *F*, rPrPD51--90 at 2 μ[m]{.smallcaps} (38 μg/ml). *G*, rPrPΔ51--90 at 2 μ[m]{.smallcaps} (38 μg/ml) in the presence of N2aRNA at 19 μg/ml. *Scale bars*, 0.2 μ[m]{.smallcaps}.

*PrP-RNA Complex Alters Cultured Cell Viability*---A series of aggregates, oligomers, and fibers generated *in vitro* have been shown to be toxic to cultured cells, leading to death by apoptosis ([@ref32]), but there is no report of toxic PrP^Sc/res^ generated *in vitro* using total recombinant PrP purified from a heterologous system. After structural characterization of the rPrP23--231-RNA interaction, we investigated whether the aggregates formed upon N2aRNA or SAF93^43--59^ interaction with rPrP23--231 were toxic to cultured N2a cells using MTT reduction ([@ref30]) and viability assays to measure cellular survival. As shown in [Fig. 6](#fig6){ref-type="fig"}, only the rPrP23--231-N2aRNA complex was able to alter the MTT reduction pattern in cultured neuroblastoma cells, leading to a ∼60% decrease in MTT reduction compared with rPrP23--231 alone. The complex formed with the synthetic sequence SAF93^43--59^ did not affect the cultures ([Fig. 6](#fig6){ref-type="fig"}), and neither did the samples containing only RNA molecules, which suggests that the PrP changes induced by RNA cause formation of a toxic PrP species. MTT reduction results were corroborated by viability assays in the presence of SAF93^43--59^, opRNA, and N2aRNA. The rPrP-N2aRNA complex was the most toxic to cells in culture ([Fig. 7](#fig7){ref-type="fig"}), and the rPrP complexes with SAF93^43--59^ ([Fig. 7](#fig7){ref-type="fig"}) or opRNA did not show significant toxic effects. The free opRNA sequence was already toxic to cells, but the addition of rPrP23--231 did not increase the observed cytotoxicity (not shown).

FIGURE 6.**rPrP23--231-N2aRNA complex alters MTT reduction in cultured neuroblastoma cells.** Samples containing rPrP23--231, RNA molecules, or protein-RNA complexes were added to the culture medium 3 days before MTT addition. MTT reduction assay was performed as previously described ([@ref29]). The following concentrations were used: rPrP23--231 at 0.115 mg/ml (5 μ[m]{.smallcaps}), N2aRNA at 0.057 mg/ml, rPrP-N2aRNA (0.115 mg/ml:0.057 mg/ml) complex, SAF93^43--59^ at 5 μ[m]{.smallcaps}, and rPrP23--231:SAF93^43--59^ (5 μ[m]{.smallcaps}:5 μ[m]{.smallcaps}) complex. For simplicity, the results are expressed as percentages of living cells relative to the value for control cells (cells in culture medium only). This expression is 100 × (OD~sample~ × OD~blank~)/(OD~control~ × OD~blank~). The OD~blank~ was established from the average of the wells containing only Dulbecco\'s modified Eagle\'s medium with no cells. OD~control~ was established from the average of wells containing nontreated cells. *DMSO*, dimethyl sulfoxide.

All of these results show that prion protein interacts with RNA molecules and that this interaction leads to protein aggregation. There is still no single sequence identified that would specifically bind to rPrP, but we have shown that the N-terminal prion protein domain is responsible for RNA recognition and binding. For DNA binding, both the globular and N-terminal domains are important ([@ref15]).

DISCUSSION
==========

Although the protein-only hypothesis is currently the most accepted explanation for the development of transmissible spongiform encephalopathies ([@ref1]), the evidence for an additional cofactor in the PrP^C^ conversion is accumulating ([@ref7]--[@ref10], [@ref17], [@ref42]). The physiological role of prion protein interaction with nucleic acids has attracted special attention in the last five years, with particular emphasis on the potential for new therapeutic strategies ([@ref27], [@ref43]). We have shown that recombinant murine prion protein binds to nucleic acid sequences and acquires higher β-sheet content but remains soluble, assuming a scrapie-like form ([@ref8], [@ref44]). More recently, we have mapped the regions that are directly involved in DNA binding by PrP ([@ref15]), which revealed that both the globular and N-terminal domains participate in the binding event. This result clarified the importance of the PrP globular domain for DNA recognition, but it also showed for the first time that the N-terminal domain is involved in stabilization of the complex. Since then, new information about the possible physiological relevance of prion-nucleic acid complexes *in vivo* has appeared ([@ref13], [@ref17], [@ref19], [@ref45]). The use of NA aptamers for the diagnosis of prion diseases is another interesting approach that takes advantage of the selective PrP-NA interaction. It has been reported that some aptamers can interact with specific isoforms of the prion protein, recognizing either the cellular or the scrapie form of PrP *in vitro* ([@ref20], [@ref23], [@ref46]). It remains a challenge to develop such an assay for PrP^Sc^ identification *in vivo*.

FIGURE 7.**Only rPrP23--231-N2aRNA complex is toxic to cultured neuroblastoma cells.** *A*, cell viability measured by live/dead assay. The following concentrations were used: rPrP23--231 at 0.115 mg/ml (5 μ[m]{.smallcaps}), N2aRNA at 0.057 mg/ml, rPrP-N2aRNA (0.115 mg/ml:0.057 mg/ml) complex, SAF93^43--59^ at 5 μ[m]{.smallcaps}, and rPrP23--231:SAF93^43--59^ (5 μ[m]{.smallcaps}:5 μ[m]{.smallcaps}) complex. *B*, statistics of viability assay presented in *A*. For simplicity, the results are expressed as the percentages of living cells relative to the value for control cells (cells in culture medium only).

Here we show that RNA sequences can also interact with the prion protein with high affinity but with different specificities and that they lead to different changes in the secondary and tertiary structure of recombinant PrP compared with DNA binding. The interaction of prion protein with ribonucleic acid has been investigated by other groups; it has been shown that PrP can acquire protease resistance upon RNA binding ([@ref17]) and that scrapie and cellular PrP isoforms can bind with different affinities to some highly structured RNA sequences ([@ref19]--[@ref21]). This property has allowed specific RNA aptamers to be constructed to aid in the early diagnosis of prion diseases in humans and animals. Although much effort has been devoted to identifying a key sequence or effect of RNA interaction with the prion protein, this subject remains controversial. First, there is no single, specific sequence that binds to PrP, nor is there a single nucleic acid-binding domain in this protein. Moreover, the minimum number of bases required for efficient binding of PrP by RNA is unknown. Therefore, the aim of the present work was to investigate in more detail what happens to the prion protein structure during interaction with RNA and also to compare the observed changes with previous data on the PrP-DNA interaction ([@ref8], [@ref15]). We have seen that these interactions, although identical in some respects, display substantial differences.

We have shown that PrP interacts with RNA with high affinity (nanomolar range) and that this interaction leads to an insoluble aggregated protein. It is noteworthy that PrP is less prone to aggregation when it interacts with double-stranded DNAs ([@ref8], [@ref15]). Moreover, the prion protein (N-terminal) deletion mutants do not seem to interact with any of the RNA sequences investigated. RNA-induced aggregation of prion protein depends on the N-terminal region of this protein, indicating that at least part of the 51--90 PrP region is responsible for this process. It has been reported that truncation of the PrP N-terminal region affects formation of protease-resistant PrP (PrP-res) *in vitro* ([@ref47]). Reduced formation of PrP-res with deletion of N-terminal residues relative to full-length hamster PrP ([@ref47]) may be related to RNA binding ability *in vivo* because N-terminal deletion mutants do not bind RNA and are also not toxic to cultured cells. This differs from what was observed with the PrP-DNA interaction ([@ref15]), suggesting that the role of these nucleic acids in prion biology must be different. In an early publication, Gabus *et al.* ([@ref26]) found that the human prion protein has DNA strand transfer properties comparable with the retroviral nucleocapsid protein and that it forms large nucleoprotein complexes upon binding to DNA. The same group found that the huPrP(23--144) fragment could bind DNA and have strand transfer activity ([@ref26]). Our previous NMR study demonstrated that most of the changes in chemical shift upon DNA binding were in the N terminus domain and in helix 1 ([@ref15]).

Interestingly, the NMR HSQC measurements revealed that, although there is immediate aggregation of rPrP23--231 upon RNA addition, a few days after incubation with RNA, the rPrP recovers most of its original fold ([Fig. 4](#fig4){ref-type="fig"}). This result indicates that the changes induced by this synthetic RNA are partially reversible, but most importantly, the appearance of additional cross-peaks in the HSQC spectrum indicates that part of the protein N-terminal domain is modified after interaction with RNA ([Fig. 4](#fig4){ref-type="fig"}). The NMR data lead us to conclude that, although the overall fold of rPrP is recovered ∼3 days after RNA addition, significant structural changes are now present and can reveal important features about the PrP interaction with ribonucleic acids.

We previously reported that α-helical rPrP is more hydrated and has a larger solvent-accessible surface area than aggregated β-rPrP as measured by pressure perturbation calorimetry ([@ref48]), and it may be that nucleic acid binding to cellular rPrP leads to similar dehydration effects. These changes in structure of the prion protein when complexed to the nucleic acid would be typical of nucleic acid chaperones ([@ref10], [@ref41], [@ref42], [@ref49]).

To investigate whether the aggregates formed upon RNA binding are toxic to N2a cells in culture, we performed cell viability assays. Interestingly, the aggregates formed upon PrP incubation with total RNA extract from N2a cells were significantly cytotoxic, leading to an approximately 60% loss in cell viability ([Fig. 6](#fig6){ref-type="fig"}). In contrast, we did not observe significant toxicity when recombinant PrP aggregates were induced by small synthetic oligonucleotides (opRNA or SAF).

Our findings obtained when PrP protein binds either to DNA or RNA show that the heterogeneous mixture of RNA extracted from neuroblastoma cells was the only one to trigger toxicity and massive aggregation. The small RNAs were able to bind PrP, also leading to protein aggregation ([Fig. 5, *B* and *D*](#fig5){ref-type="fig"}), but the oligomeric species formed presented no toxicity (Figs. [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}).

The component of the N2A RNA extract that leads to aggregation and further toxicity remains to be identified, but we suppose that a specific RNA sequence or structure present in this preparation may be responsible for this effect. The local secondary structures of the synthetic RNAs, based on the prediction program GeneBee, were predicted to be hairpins. Although the SAF sequence has more guanine (∼39% *versus* ∼22% for opRNA), they are otherwise similar in base content. The guanine base is expected to contribute to a greater number of hydrogen bonds with the binding protein ([@ref50]), but both RNA sequences displayed a very similar pattern of interaction with the prion protein, and this base composition difference would also not explain the toxicity observed upon incubation with N2aRNA. Moreover, because the N2aRNA pool is very heterogeneous, it is still not possible to infer whether there it contains a specific RNA secondary structure responsible for rPrP binding and conversion to a toxic species. Altogether, our results reveal that there is selectivity in the species generated by interaction with different molecules of RNA. Because the catalytic effect of RNA on the PrP^C^ → PrP^Sc^ conversion may depend on the RNA sequence, small RNA molecules may exert a protective effect.
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The abbreviations used are: PrP, prion protein; rPrP, recombinant prion protein; HSQC, heteronuclear single quantum coherence; LS, light scattering; N2aRNA, total RNA extracted from cultured neuroblastoma cells; NA, nucleic acid; FITC, fluorescein isothiocyanate; MTT, 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyl tetrazolium bromide; PK, proteinase K.
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[^2]: Raw ellipticity values at 222 nm obtained from CD measurements

[^3]: Normalized values obtained by dividing each recorded value (in the presence of N2aRNA) by the initial value (*LS*~0~, initial light scattering; *FI*~0~, initial fluorescence intensity) for free protein in solution

[^4]: Changes in center of spectral mass values from the tryptophan emission spectra. N2aRNA digestion with RNase A was performed at room temperature for 1 h at pH 8.0 with a N2aRNa:RNase ratio of 100:1
